One of the most fascinating and exciting periods in my scientific career entailed dissecting the symbiotic relationship between two membrane transporters, the Nicotinamide adenine dinucleotide phosphate reduced form (NADPH) oxidase complex and voltage-gated proton channels (H V 1). By the time I entered this field, there had already been substantial progress toward understanding NADPH oxidase, but H V 1 were known only to a tiny handful of cognoscenti around the world. Having identified the first proton currents in mammalian cells in 1991, I needed to find a clear function for these molecules if the work was to become fundable. The then-recent discoveries of Henderson, Chappell, and colleagues in 1987-1988 that led them to hypothesize interactions of both molecules during the respiratory burst of phagocytes provided an excellent opportunity. In a nutshell, both transporters function by moving electrical charge across the membrane: NADPH oxidase moves electrons and H V 1 moves protons. The consequences of electrogenic NADPH oxidase activity on both membrane potential and pH strongly self-limit this enzyme. Fortunately, both consequences specifically activate H V 1, and H V 1 activity counteracts both consequences, a kind of yin-yang relationship. Notwithstanding a decade starting in 1995 when many believed the opposite, these are two separate molecules that function independently despite their being functionally interdependent in phagocytes. The relationship between NADPH oxidase and H V 1 has become a paradigm that somewhat surprisingly has now extended well beyond the phagocyte NADPH oxidase -an industrial strength producer of reactive oxygen species (ROS) -to myriad other cells that produce orders of magnitude less ROS for signaling purposes. These cells with their seven NADPH oxidase (NOX) isoforms provide a vast realm of mechanistic obscurity that will occupy future studies for years to come.
Introduction
The topic of this review was essentially conceived in a seminal series of three papers published by Lydia Henderson, Brian Chappell, and Owen Jones at the University of Bristol in 1987-1988 (1-3) . They discovered that Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in human neutrophils is electrogenic and that its activity is accompanied by electrogenic H + efflux. They proposed that this H + efflux serves to compensate for the charge separation resulting from NADPH oxidase extruding electrons and leaving protons behind in the cytoplasm, and was therefore necessary for sustained activity. Furthermore, they proposed that the molecule responsible for the H + efflux was a voltage-gated proton channel (H V 1), the first voltage-clamp studies of which had been reported in snail neurons just 5 years earlier by Roger Thomas and Bob Meech, also in Bristol. Finally, because electron efflux was mediated by NADPH oxidase and H + efflux by a separate molecule, the proton channel, a second proposed function of H V 1 was to stabilize pH i by eliminating the protons left behind in the cell when electrons leave. These discoveries and their proposed explanations have all proven to be perfectly correct. The decades since this primordial era have filled in many details of mechanisms, structures, functions, and unexpected intricacies. There have been some missteps and digressions along the way that might have seemed annoying or counterproductive at the time, but these did serve to reinforce and strengthen the eventual prevailing narrative. The present assigned task is to review the contributions of the author's lab within the historical context of the field, and to speculate where future progress will occur. This is a perilous assignment for someone with a tendency toward autohagiography, but I will try to exercise equanimity!
The transport molecules: NADPH oxidase

Electron flux via NADPH oxidase (NOX)
Phagocytes produce reactive oxygen species (ROS) primarily to attack invading bacteria, fungi, and protozoa. The entity responsible for this ROS production is NADPH oxidase, a multicomponent enzyme complex that is not assembled in the cell until it is needed. NADPH oxidase is now called NOX, and it comes in seven varieties, NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2 (4). This nomenclature is arbitrary and imprecise because the first discovered and by far the best known NOX is NOX2, the phagocyte NADPH oxidase. In addition, NOX specifically refers to the electron-transporting component of the enzyme [gp91 phox in phagocytes (5, 6) ], but in common parlance, the entire enzyme complex is often called NOX or NOX2.
The phagocyte NADPH oxidase enzyme complex (7) is formed from two membrane proteins: gp91 phox (now rebranded as NOX2; the superscript phox refers to 'phagocyte oxidase') and p22 phox that exist in membranes as a preformed heterodimer; and four cytosolic proteins: p47 phox , p67 phox , p40 phox that likely form a heterotrimer (8) (9) (10) (11) (12) , and a small GTPase: Rac1 or Rac2 (Fig. 1) . After assembly of the oxidase complex, a conformational change is thought to result in activation of the enzyme (13) (14) (15) (16) . Much has been learned about the importance and molecular composition of the enzyme from hereditary chronic granulomatous disease (17) , CGD, in which a mutation in one of the components alters or eliminates function. Two thirds of CGD cases exhibit mutations of gp91 phox , one-fourth p47 phox , 6% p22 phox , 6% p67 phox (18) , and a single case has been shown to involve p40 phox (19) . ROS production by NADPH oxidase is impaired or abolished in CGD (20) , bactericidal function is compromised (21) , and patients present with chronic recurrent bacterial and fungal infections; without treatment, most die in childhood (12, 18) . The existence of CGD directly demonstrates the importance of NADPH oxidase in innate immunity. In fact, CGD was first described as a 'fatal granulomatous disease of childhood' (17, 22) . Fig. 1 depicts the stoichiometry of several key reactions (23) (24) (25) in the phagocyte respiratory burst. The term Proton and electron fluxes into the phagosome. The tan double line represents the phagocyte plasma membrane engulfing a bacterium into a nascent phagosome, which will seal off from the extracellular space and become internalized. The components of NADPH oxidase assemble in the phagosome membrane to produce an active complex, shown schematically. This enzyme removes two electrons from NADPH inside the cell and shuttles them across the membrane via an electron transport chain through gp91 phox ( Fig. 3 ) to reduce two O 2 molecules sequentially to superoxide anion, O 2 • À (255, 256) . O 2 • À rapidly dismutates into H 2 O 2 , most of which is converted by myeloperoxidase (210) into hypochlorous acid (household bleach, HOCl) (42) . Proton channels in the phagosome membrane (133-135, 217, 257) are activated by membrane depolarization and a drop in pH i , both resulting from the electrogenic activity of NADPH oxidase. NADPH consumed in this reaction is regenerated continuously by the hexose monophosphate shunt (HMS) [Adapted from (258) ].
'respiratory burst' refers to the rapid generation of O 2 • À by NADPH oxidase during phagocytosis or stimulation by chemotactic peptides or other agents, and is a misnomer because the up to 100-fold increase in O 2 consumption (26) is not really a 'burst of extra respiration' (27) , but rather the O 2 serves as a substrate for O 2 • À production (28, 29) . NADPH oxidase extracts two electrons from NADPH which traverse the membrane through gp91 phox to reduce two molecules of O 2 to superoxide anion, O 2 • À . For each NADPH oxidized, one proton is left behind. The product NADP + then enters the hexose monophosphate shunt (HMS) to regenerate NADPH (24, (29) (30) (31) , in the process producing a second proton. This reaction occurs continuously because otherwise the 50-100 lM free NADPH in a neutrophil would be depleted entirely within <100 msec (32) . The importance of the HMS for ROS production is shown by the CGD-like symptoms of patients with glucose-6-phosphate dehydrogenase deficiency (33, 34) . The HMS also generates one CO 2 for every two NADP + which could potentially form carbonic acid and release another proton. In sum, at least two protons are generated intracellularly for each NADPH consumed. (37) (38) (39) (40) (41) (42) . HOCl has a pK a 7.53 (43) so that much exists in the undissociated, neutral, membrane-permeable form. Some enters the cytoplasm, exacerbating the acidification (44) , but most of the HOCl kills engulfed microorganisms (36) .
Is the NADPH oxidase complex activated by arachidonic acid or PKC or both?
A large number of stimuli lead to activation of NADPH oxidase, including opsonized microorganisms, chemotactic peptides, and an assortment of artificial agents (45) . Depending on the stimulus, there is a lag of seconds to minutes between stimulus and response, presumably due to the multiple intervening biochemical processes that must occur (32) . There are various signaling pathways, but most converge upon protein kinase C (PKC), which phosphorylates several cytoplasmic oxidase components, especially p47 phox , leading to assembly of the complex (13, (46) (47) (48) (49) . The complex needs to be continually renewed or else deactivation occurs rapidly (32) . A potent and highly reliable agonist for experimental purposes is the phorbol ester PMA (phorbol myristate acetate), whose best-known function is to activate PKC.
Much has been learned from study of NADPH oxidase in 'cell-free systems' in which the enzyme is assembled de novo from its component parts (15) . An important discovery arising from these studies was that in addition to the protein components and the substrates NADPH and O 2 , it is necessary to include an anionic amphiphile (50) (51) (52) (53) (54) , such as the physiological unsaturated fatty acid, arachidonic acid (AA), the physiological combination of phosphatidic acid and diacylglycerol (55) (56) (57) , or an unphysiological detergent SDS (sodium dodecyl sulfate) (58, 59) . Indeed, it was well known that arachidonic acid and other unsaturated fatty acids could activate NADPH oxidase very effectively in intact leukocytes (60) (61) (62) (63) . Saturated fatty acids are less effective or ineffective and are inhibited by Ca 2+ (61, (63) (64) (65) . Furthermore, AA is released by most, but not all activators of NADPH oxidase (62, 66) . One interpretation is that arachidonic acid acts as a 'second messenger' to activate NADPH oxidase (62, 67) . This hypothesis was supported by the observation that certain inhibitors of phospholipase A 2 (PLA 2 ) prevented activation of NADPH oxidase (62) , even by PMA (68) . However, more specific cPLA 2 a inhibitors [see Introduction of (69)] do not inhibit ROS production (70) and AA can itself activate PKC (67, 71) . In addition, electron current was activated normally in cPLA 2 a knockout mouse neutrophils (69) . AA appears capable of acting as a phosphomimetic to activate NADPH oxidase. PKC phosphorylation of p47 phox removes auto-inhibition, allowing the molecule to interact with the membrane-bound components of the complex (13) . The conformational changes induced by phosphorylation of p47 phox also occur when AA or SDS are applied at sufficiently high concentrations (16, 72, 73) . AA and other anionic amphiphiles also have effects on cytochrome b 558 (the heterodimeric complex of gp91 phox and p22 phox ) (14, 15, (74) (75) (76) (77) . The requirement for anionic amphiphile can be eliminated by enriching the membrane with anionic phospholipids (78) or by prenylation of Rac1 (79) . In intact cells, AA can activate PKC, which then activates the oxidase (80) . This possibility was demonstrated directly in human eosinophils in which the electron current elicited by AA was completely abolished by addition of PKC inhibitors (69) . Our general conclusion is that the respiratory burst can be activated by multiple pathways, but physiological pathways mainly involve PKC.
Is enhanced gating due to AA or phosphorylation?
The phenomenology of 'enhanced gating' of proton channels during the respiratory burst is discussed in more detail below. Here, we simply ask the parallel question whether H V 1 is 'activated' by AA or by PKC (or both). Analogous suggestive studies had supported AA as the final activator of H V 1, as was explicitly proposed by Henderson and Chappell (81) . Again, use of specific cPLA 2 a inhibitors failed to prevent enhanced gating of H V 1, and the responses of neutrophils from cPLA 2 a knockout mice to PMA or N-Formylmethionyl-leucyl-phenylalanine (fMLF) were indistinguishable from those of WT mice (69) . The most startling, and to me most convincing discovery occurred after an irksome manuscript referee demanded a large number of new experiments. We grudgingly obliged, but were pleasantly surprised when one experiment turned out very differently than we had expected. The surprising result was that the PKC inhibitors GFX (GF109203X) and staurosporine reversed both the activation of NADPH oxidase (i.e. the electron current went away) and the enhanced gating of H V 1 resulting from stimulation by AA (69)! Evidently, AA produces much of its effects on both NADPH oxidase and H V 1 in phagocytes by activating PKC (69) . This was especially surprising because AA was already known to have profound direct 'pharmacological' effects on H V 1, being one of the few molecules in the universe that alters proton currents even in whole-cell configuration (82-86)! Intriguingly, the potency sequence for fatty acids amplifying H V 1 currents (85) roughly parallels that for activating NADPH oxidase (62, 63, 65, 67, 87) .
One of the classical indicators of enhanced gating in phagocytes is a slowing of tail currents, which reflect the rate channels close upon repolarization (88) (89) (90) (91) (92) (93) , but AA increases H + current without producing this effect, accelerating s tail under conditions in which PKC is not activated (85, 94, 95) . A dual pathway was suggested to explain the differential effects of AA and phosphorylation on deactivation (H V 1 tail current) kinetics (69):
The 'direct' pathway produces larger H + currents, faster channel opening and closing, and a 15-20 mV hyperpolarizing shift of the g H -V relationship, and occurs in whole-cell configuration (82) (83) (84) (85) (86) or inside-out patch configuration (95) . The indirect pathway produces the classical 'enhanced gating mode' response that reflects activation of PKC (69) and consequent phosphorylation of the channel (*H V 1) at Thr 29 (96) , and is sensitive to PKC inhibition. PMA-induced enhanced gating produces larger currents and faster opening, but also includes profound slowing of s tail and a À40 mV shift of the g H -V relationship. Both direct and indirect effects of AA occur in perforated-patch configuration (69, 94) , and likely also in intact cells. In intact cells, AA liberated by cPLA 2 may augment H + current by direct effects (86, 95) , in addition to producing phosphorylation-mediated effects. H V 1 closing (s tail ) is slower not only in PMA-stimulated phagocytes but also after physiological agonists like fMLF (69) , suggesting that phosphorylation rather than AA is the main cause of physiological enhanced gating. Similarly, leukotriene B 4 stimulation of human eosinophils appears to slow tail currents (97) . Spontaneously enhanced gating, due presumably to adherence, is inhibited by the PKC inhibitor, staurosporine (69) . Enhanced gating produced by lipopolysaccharide in dendritic cells requires PKC, and is prevented by GFX (98) . All things considered, it is likely that AA introduced exogenously or released by cPLA 2 (95) produces both direct and indirect effects in intact phagocytes (69) , but the main stimulus for enhanced gating of hH V 1 is phosphorylation.
History of the demonstration of electron current
As mentioned above, in 1987 and 1988, Henderson, Chappell, and Jones published their landmark studies (1) (2) (3) showing that NADPH oxidase is electrogenic and proposing that voltage-gated proton channels exist in phagocytes and are required for sustained NADPH oxidase activity to compensate both charge and pH. They further proposed that AA was the physiological activator of H V 1 (81) . Eager to demonstrate a biological function for H V 1, we obtained human neutrophils, usually our own, and confirmed that they did have proton channels with properties consistent with their proposed functions (82) . From that moment onward, every paper and talk included the hypothetical role of proton channels in compensating for the electrogenic activity of NADPH oxidase. But it never occurred to me to measure the electron current directly! Krause and colleagues were clever enough to attempt this, and they reported electron currents in human eosinophils (99) . We worked very hard to reproduce these results in neutrophils. Only later did we realize that because NADPH oxidase activity is several times lower in neutrophils than in eosinophils (100-107), the electron currents in neutrophils are quite small indeed ( Table 1) , making their detection challenging! The cellular levels of various NADPH oxidase components appear to be similar in human eosinophils and neutrophils (107, 108) , leading several authors to ascribe the more vigorous respiratory burst measured in human eosinophils mainly to the tendency of the oxidase to assemble predominantly in the plasma membrane in eosinophils, but intracellularly in neutrophils (105, 108) . The rationale is that neutrophils mainly engulf small pathogens, whereas eosinophils (109) are more ambitious and attack helminthes many times their own size (110) by generating extracellular ROS (105) , in the process inflicting tissue damage (111) and thereby being generally pro-inflammatory (112). We could not see any effect of PMA on neutrophils in whole-cell recordings. Therefore, we used the 'perforatedpatch' approach to preserve intracellular constituents -conventional whole-cell methods rapidly dialyze diffusible cytoplasmic contents into the pipette (113) . Including a poreforming molecule like amphotericin in the pipette makes the membrane patch permeable to small ions, but not larger molecules, enabling electrical access to the entire cell membrane while preserving other cytoplasmic constituents and second messenger pathways (114) (115) (116) . The electron currents in neutrophils were only 2-3 pA and they turned on slowly after stimulation of the cell with PMA, requiring 3 min to reach half their final value (91) . The NADPH oxidase inhibitor diphenylene iodonium (DPI) (117) also works slowly, so the whole phenomenon comprised a very slow increase and then decrease in inward current. We had to see this happen in at least a dozen cells before we began to believe that it was real. Fig. 2 illustrates the time course of electron current turn-on and turn-off in human eosinophils, which have much greater NADPH oxidase activity than neutrophils, and thus larger electron currents ( Table 1) . Even in eosinophils, it is evident that an electrically 'tight' cell (the non-specific 'leak' current was typically <2 pA) with a very stable baseline is required. To give some perspective, the name 'gigaohm-seal' patchclamp technique refers to a seal resistance between the pipette tip and membrane of at least 1 GO (1 gigaohm = 10 9 O); to have a 2-pA leak current at À60 mV requires a 30 GO seal. It was useful to record the entire experiment on a chart recorder, in addition to the usual patch-clamper's 'oscilloscope' or computer monitor equivalent which displays only a brief section of current data (typically one pulse) at a time. With a greatly compressed time base, small excursions of the electron current from baseline appear more convincing (Fig. 2) . NADPH oxidase is electrogenic because it functions by moving electrons across the membrane along a redox chain (Fig. 3) . This process must be sensitive to membrane potential, and from other electrogenic transporters, we knew that the voltage dependence might be highly non-linear (118, 119) . For these measurements, we used human eosinophils, because their electron currents are larger ( Table 1) . We applied voltage ramps, which we had found to be very useful for studying single-channel currents. After repeating the ramp many times, one may accumulate and average sections of currents with one channel open or sections with all channels closed and subtract one from the other. The software was written by Gary Yellen (then at Yale), who gave it to us when I was in Mike Cahalan's lab at the University of California at Irvine, in the elder days when scientists actually helped each other instead of competing viciously! To measure electron currents, we applied repeated voltage ramps, added PMA, and waited for the electron current to turn on. Later, addition of DPI gradually inhibited the oxidase and eliminated the electron current, confirming its reality. In principle one could subtract 'before PMA' from 'after PMA' curves, but we found the most reliable method was to subtract the current in DPI from that at the peak response. It is not necessary to wait until the response is completely inhibited, which may take minutes ( Fig. 2) because the shape of the difference curve was the same whether inhibition was partial or complete. This was a useful control because it confirmed that the voltage dependence was genuine and invariant.
The voltage dependence that we found (Fig. 4) was interesting in three respects. First, it showed that depolarization to +200 mV abolished the electron current completely.
Although something like this was in general expected, it is still an amazing thing to realize that an enzyme can be turned off simply by changing the voltage across the membrane in which it resides. We toyed with the idea of trying to interpret this voltage, perhaps in terms of the midpoint potentials of the electron transport chain (Fig. 3) , but then realized that these are measured under standard conditions, which certainly did not apply to our measurements. We also considered whether there ought to be a 'reversal potential' beyond which outward current might be observed. Measurement of the reversal potential is de rigueur when studying a new ion channel and its value is predictable from the Nernst potentials of the permeant ions present. But in thinking about what we were actually measuring, namely electron flux across the membrane culminating in the reduction of O 2 to O 2 • À , it seemed clear that the final step must be irreversible. . Activation of electron currents in three human eosinophils by arachidonic acid (AA) and phorbol myristate acetate (PMA). The membrane was held by voltage clamp at À60 mV throughout. The current is interrupted when test pulses were applied. At the arrows, 5 lM AA, 60 nM PMA, or 6 lM DPI were introduced by complete bath change. Electron current is inward (a downward deflection relative to baseline) because the direction of current flow is defined as the direction positive charge moves. Electrons that leave the cell carry negative charge out, which by definition is an inward current. Electron current was activated spontaneously in the cell in A at the start of the record, likely by adherence to the glass chamber, as confirmed when the inward current was inhibited by DPI [From (94)]. DPI, diphenylene iodonium. The second intriguing aspect of the electron current-voltage curve (Fig. 4) was that between +50 and +200 mV it is strongly voltage dependent. This means that the movement of electrons across the membrane in this voltage range is rate limiting. Because the heme-1 to heme-2 transfer is uphill energetically (Fig. 3) , and because the hemes are located within the membrane perpendicular to its surface (6), we proposed this step to be rate limiting in this voltage range (120) . In previous studies using cell-free reconstitution systems (in which the membrane potential is almost certainly 0 mV), the rate-limiting step had been considered to be electron transfer from NADPH to flavine adenine dinucleotide (121) or to heme (122) . Pethe} o and Demaurex (123) showed that the curvature of the I e -V curve (Fig. 4) is somewhat less pronounced at higher than physiological NADPH concentrations, suggesting that the flat part of the curve at negative voltages may reflect limitation due to substrate availability.
The third feature is that the electron current is nearly constant over the entire voltage range encountered by a living neutrophil, from the resting membrane potential of roughly À60 to À80 mV [numerous estimates are discussed on p. 541 of (45)] up the voltage attained at the peak of the respiratory burst, which is roughly +50 mV (124) (125) (126) . This extensive region of weak voltage dependence is teleologically useful because it means the NADPH oxidase is free to depolarize the membrane by 100 mV or so before it begins to seriously limit its own activity. The job of H V 1 is to short circuit the depolarization at that point because beyond +50 mV, enzyme activity is drastically reduced (Fig. 4) . Numerous studies have confirmed that inhibiting H V 1 with Zn 2+ or genetic KO (knockout) of H V 1 increases the depolarization that occurs during the respiratory burst (1, 88, (126) (127) (128) (129) (130) , consequently attenuating ROS production (2, 120, (129) (130) (131) (132) (133) (134) (135) (136) (137) (138) . Finally, a quantitative electrophysiological model of NADPH oxidase and H V 1 in phagocytes (42), to be discussed below, reproduces this and other observed electrophysiological behavior in great detail (Figs 7 and 10, below). When the electron current is just starting to turn on, one always has nagging doubts that perhaps the cell is just becoming leaky -electron currents have no time dependence, and one current is indistinguishable from another. In contrast, most voltage-gated ion channels turn on during a voltage pulse with a highly distinctive and immediately recognizable time course (their signature). To maximize the information available, when we apply a stimulus, we always give test pulses that activate proton current (Fig. 5 , right panel), so we can see H V 1 properties changing as it enters the 'enhanced gating mode' (a kind of Dr. Jekyll and Mr. Hyde transformation that massively increases the proton flux under any given conditions) that will be described later. The first change is usually a progressive increase in the H + current amplitude together with faster activation (smaller s act ). The electron current typically turns on later and more slowly (89) . The onset of enhanced gating mode behavior was a strong indicator that a cell was becoming 'activated' and that any inward current that appeared was likely electron current. Non-physiological changes in the holding current -i.e. current at the negative 'holding potential' that simulates the resting membrane potential -commonly do occur over time during experiments, and apparent electron current might simply be an increase in the 'leak' current. However, a crucial difference is that leak current is non-specific and reverses near 0 mV, whereas electron current is inward all the way up to +200 mV. This means that the electron current at a depolarizing test potential (e.g. +60 mV in Fig. 5 ) will be inward even though the proton current is outward. As a result, the current just at the start of the test pulse, before the proton channels begin to open, drops lower when real electron current turns on, due to superposition of inward and outward currents, as can be seen in Fig. 5 by comparing current 'a' at rest and 'b' after Voltage ramps were applied and the current after DPI addition was subtracted from the current before to obtain net electron current. The electrogenic nature of NADPH oxidase inherently causes depolarization that without compensation would terminate its own function within 10 msec in a human eosinophil (45) [From: (120) ]. DPI, diphenylene iodonium.
PMA. If the À10 pA of inward electron current had been leak, the current at the start of the pulse would have been more outward (higher). This indication of inward current at a large positive voltage unambiguously identifies electron current. An independent and rigorous test of the reality of electron current is to add DPI or GFX and see it disappear. The ability to detect electron current in a single cell makes it possible to measure properties of NADPH oxidase in new ways, using each cell as its own control. For example, Fig. 6A shows the strong effects of pH, changed symmetrically, on electron current amplitude. Fig. 6B illustrates the agreement between the mean normalized electron current amplitude plotted as a function of pH (blue stars) and previous measurements of pH effects on the rate of superoxide anion production by NADPH oxidase from human neutrophils. NADPH oxidase has a pH optimum near neutral, and is strongly inhibited by pH deviations in either direction. With the patch clamp we could also vary pH asymmetrically, which showed clearly that the pH effects were due to pH i not pH o (139) .
It was straightforward to vary the temperature during an experiment, which revealed surprisingly strong temperature dependence of electron current, which is evident in Table 1 , with Q 10 4.2 (140). . The time course of the appearance of electron current and enhanced gating of proton current. A human eosinophil studied in the perforated-patch configuration was stimulated with PMA and then treated with 3 lM GFX. The spikes in the upper left record are proton currents during steps to +60 mV applied every 30 s from the holding potential, À60 mV. The lower record shows the same current at À60 mV at higher gain, with the currents during the test pulses blanked, revealing the time course of inward electron current. On the right are proton currents during selected pulses to +60 mV with an expanded time base, recorded in this experiment at the times indicated in the left panel by lowercase letters. Note that both enhanced proton current and electron currents were reversed by the PKC inhibitor GFX; evidence that both are regulated by PKC [From: (69) ]. PMA, phorbol myristate acetate. 6 . The pH dependence of NADPH oxidase activity measured biochemically or electrophysiologically is similar. (A) Electron current was elicited by PMA stimulation of a human eosinophil in perforated-patch configuration. The pH was changed symmetrically using symmetrical 50 mM NH 4 + to equilibrate pH across the membrane (91, 259) . (B) The relative amplitude of the electron current in many cells is plotted as blue stars with SEM bars (n = 4-38). Also plotted using different symbols are biochemical measurements of O 2 • À production by human neutrophils in cell-free systems (52, (260) (261) (262) (263) (264) (265) , in which pH is presumably symmetrical [A and blue stars in B from (139)]. PMA, phorbol myristate acetate.
Directly recorded electron currents were recently reported for another heme-containing membrane protein, SDR2 (141) . To date, no reports exist of electron currents in other NOXes, although they presumably exist.
The scale of the phagocyte respiratory burst
The rate and quantity of O 2 • À production by NADPH oxidase during the respiratory burst is truly prodigious. Expressed in electrical terms, the electron current in a human neutrophil would depolarize the membrane by 100 mV in just 91 msec (45), if uncompensated. Given the strong inhibition of NADPH oxidase by depolarization (Fig. 4) , the enzyme would thereby shut itself off in a fraction of a second. Because each electron that exits the cell leaves a H + inside, the same electron flux would, in effect, acidify the cytoplasm, but much more slowly due to the high buffering capacity of cytoplasm. This temporal disparity between the two main consequences of NOX activity caused us to suspect that the main purpose of H V 1 during the respiratory burst was charge compensation, as discussed below. However, inhibiting H V 1 or knocking it out genetically results in failure of pH i recovery from a spike of acidification that occurs during phagocytosis (44) , of uncompensated electrons will depolarize the phagocyte membrane by 100 mV. This represents <0.01% of the 3 9 10 10 electrons translocated by a human eosinophil during the respiratory burst (42) . One consequence is that a number of careful studies published between 1978 and 1983 concluded that membrane depolarization was the trigger for the respiratory burst because measurable depolarization preceded detectable superoxide production (145) (146) (147) (148) (149) (150) (151) . Of course, thanks to the incisive studies of Henderson, Chappell, and colleagues (1-3), we now know that the opposite is the case -depolarization is a direct consequence of the electrogenic activity of NADPH oxidase. The number of electrons needed to change the membrane potential is simply much smaller than the number required to produce detectable quantities of ROS. Another manifestation of this phenomenon is illustrated in Fig. 7 . Erzs ebet Ligeti's group in Budapest measured membrane depolarization in human neutrophils upon NADPH oxidase activation, varying enzyme activity over a wide range by using several concentrations of the inhibitor DPI. They found that a tiny level of enzyme activity sufficed to produce a large depolarization (126) . Ricardo Murphy produced a quantitative model of the phagocyte respiratory burst, in which every parameter was measured in actual cells (42) . This model ('model' in Fig. 7) , which includes only proton and electron currents, predicts precisely this After its publication I received a very polite note from Woody Hastings, in which he said that I might be interested to learn that he had considered the idea of such a channel well before proton currents were discovered in snail neurons. 'Many years ago I proposed that they [proton channels] are involved in the triggering of the flashing of dinoflagellates, and the evidence continues to mount in support of that.' Needless to say, I was chagrined, but immediately invited him to give a seminar, which he did. We discussed his ideas and I submitted a series of grant applications to address this idea, without success until years later during Obama's ARRA economic stimulus. A small NSF grant supported a fabulous expedition to the wilds of the Texas coast to hunt the wily dinoflagellate, Noctiluca scintillans. To make a long story shorter, after a 4 decade hiatus, Woody's hypothesis was finally strongly supported by the identification of a bona fide voltage-gated proton channel gene in a non-bioluminescent dinoflagellate in Hastings' final publication (153 (159, 160) , but then the field became dormant.
In 1991, while exploring new research areas for a grant renewal, I decided to study the effects of pH changes on chloride currents in rat alveolar epithelial cells. This seemed a logical approach because one of my mentors, Otto F. Hutter of Glasgow University, along with Anne Warner, had famously demonstrated dramatic effects of high and low pH on chloride currents in frog skeletal muscle (161, 162) . When I applied low external pH (pH o ) the outward Cl À currents turned off during sustained depolarization (Fig. 8) , but on repolarization there was a prominent inward tail current whose amplitude grew larger with prepulse duration, wildly inconsistent with the turn-off kinetics of the outward Cl À current. Given that the solutions contained mostly impermeant ions, the only possible explanation was a proton conductance, which had been discussed several years earlier in a journal club by Mark Estacion in the Cahalan Fig. 8 . The first evidence for voltage-gated proton channels in mammalian cells. Currents in a rat alveolar epithelial cell during depolarizing pulses of various lengths are superimposed. Note that the outward current decays over time, but the inward tail current seen upon repolarization becomes progressively larger after longer pulses. The decaying outward current is Cl À current, but the inward current is H + tail current that was activated, with a characteristically slow time course, by depolarization. No H + current can be seen during the pulse to +80 mV because pH i was 7.4 and pH o was 6.0, hence E H was +82 mV, very near the test voltage and thus providing little driving force. Unpublished data by the author.
lab. I was overjoyed at discovering the first proton currents in mammalian cells (163) and felt certain that NIH funding was assured. However, despite their 'high-risk, high-reward' claims, the NIH categorically refused to support the only lab in the world studying this novel ion channel. Fortunately, the American Heart Association kept my tiny lab afloat until a few other groups entered the field, thereby establishing that I was not a crackpot.
During the next decade, we enjoyed working in a sparsely populated field, where the absence of competition allowed us to take the time to do each study at our own pace, to our own satisfaction. We systematically explored the behavior of H V 1 over a range of pH o and pH i , learning that the strong shifts in the position of the g H -V relationship, which can be encapsulated in V threshold (i.e. the voltage at which the channel turns on) that had been noted by Byerly et al. could be described quantitatively as a strict dependence on the pH gradient, DpH, defined as pH o -pH i (164) . This unique control mechanism, in which pH o and pH i are equally effective in shifting the g H -V relationship by 40 mV/ Unit change in pH, results in the channel opening only when there is an outward electrochemical gradient for protons. The H V 1 channel thus opens only when doing so will result in H + leaving the cell, making it an ideal acid extrusion device. We studied the channel with heavy water and observed deuterium currents with intriguing properties, suggesting that the channel was not a simple water-filled pore like other ion channels (165) . Varying the buffer concentration revealed that deprotonation of buffer was not a ratedetermining step in permeation, and that highly buffered solutions (i.e. 100 mM buffer!) were necessary to control pH i (166) . Using inside-out patches of membrane we found that lowering pH i was a powerful activator of H V 1; lowering pH i by 1 unit accelerated channel opening 5-fold (167). We found that both the conductance (Q 10 >2) and the kinetics of gating (channel opening and closing, Q 10 6-9) had stronger temperature dependence than almost any other ion channel (168) . These and other unique properties of H V 1 were recently ascribed to stabilization of the closed channel by cation-p interactions between tryptophan and arginine in the S4 helix (169) . Its perfect proton selectivity led to the concept that H V 1 was an ideal biological pH meter (170, 171) ; that measuring the reversal potential was a better indicator of the true pH than was the nominal pH of the solutions. During this halcyon period, we discovered that the potent inhibition of H V 1 by polyvalent cations, particularly Zn 2+ , was strongly inhibited at low pH (172) . In retrospect it was surprising that this discovery was so belated; for 17 years everyone (ourselves included) had used divalent cations to inhibit H V 1, and everyone had varied pH to show that the channel was proton selective. When we saw how weak Zn 2+ was at low pH we thought at first that we had made a 100-fold error in diluting our 1 M ZnCl 2 stock solution; at pH o 5, Zn 2+ was 100 times less effective than at pH o 6
( Fig. 9) 2+ binds at a bidentate site comprising two groups with a pK a 6.3 (e.g. two histidines). The mean relative slowing of the time constant for the turn-on of H + current (s act ) during a pulse, measured at pH o ranging 5-8 is plotted, with 1.0 being no effect. The curves are all drawn with one equation [eq. A6 of (172)] using three fixed parameters (inset): pK M = the Zn 2+ binding constant, pK a = H + affinity, and a = a cooperativity factor. The model assumes that when Zn 2+ is bound to its receptor on the H + channel, the channel cannot open. The opening rate (1/s act ) will be slowed by the factor (1 À P Zn ), where P Zn is the probability that the receptor is occupied by Zn 2+ . The ratio of s act in the presence of ZnCl 2 to that in its absence will be simply (1 À P Zn ) À1 . Given these assumptions, s act is slowed by a factor of 2 at the K M of Zn 2+ [From (172)].
making a prediction based only on electrophysiological data that is later verified by the gene and then the structure! A final fundamental measurement from this era revealed that single H V 1 channel currents are so tiny that they can just barely be detected directly under the most favorable conditions, including teraohm (10 12 O) seals. Our meticulous colleague, Richard A. Levis, one of the pioneers of patch-clamp circuit design, insisted on checking the data himself to be sure that we really had attained such a high resistance with the gigaohm (a mere 10 9 O!) seal technique.
Under these extraordinary conditions, we could just detect approximately 10 fA current steps that with a good imagination resembled single-channel currents (144), the smallest ever recorded directly. The unitary current amplitude can be determined more reliably by using current fluctuation (noise) analysis, and it is very small indeed (144) . The data assimilated for this 'noise' paper were collected over more than a decade. When we started an experiment by forming a seal between the pipette and cell membrane, before rupturing the patch to go to 'whole-cell' configuration, we would first check for high resistance, stability, and absence of channels other than H V 1, and if the patch met these criteria, we would abandon whatever experiment had been planned and instead do noise measurements. Taking all the time necessary to do things thoroughly and correctly was possible while there was little competition. All good things must come to an end and with the discovery of proton channel genes in 2006 (173, 175) , the field immediately mushroomed. All facetiousness aside, this development has in fact turned out well because people approach problems in different ways, and progress in the structure-function realm has been quite rapid, although I suspect that competition increases the error rate. From nearly total obscurity, the proton channel field has blossomed, and the GenBank now informs us that a huge variety of species have H V 1 (176). Several features emerge from Table 2 , which lists only mammalian cells in primary culture (not cell lines) that have been found to have proton currents. Species differences in expression levels can be pronounced. In humans, T lymphocyte currents are tiny, 100 times smaller than in B cells, but murine T cells have large H + currents. The large H + currents in human sperm dwarf the almost non-existent currents in mouse sperm. All leukocytes have proton currents, and these are generally large. H + currents are smaller in human neutrophils than human eosinophils, and tiny in human myotubes. Human eosinophils have 10-fold more H V 1 protein than human neutrophils (108) . The seductive argument that proton currents are larger in eosinophils than in neutrophils because of their greater ROS production does not account for basophils, which have large H + currents but no respiratory burst. On the other hand, every leukocyte that exhibits a respiratory burst has H V 1 ( Table 1 is a subset of Table 2) , and it has been observed that in every cell available for comparison, the magnitude of the H + conductance is at least 10 times greater than adequate to compensate fully for the respiratory burst (177) . In cells lacking a respiratory burst, H V 1 obviously must perform other functions.
Fine, but what good are they?
What never changes is the need for funding, and credible relevance of proton channels to human health was needed. There were huge proton currents in rat type II alveolar epithelial cells, but it was not immediately clear why alveolar epithelial cells needed proton channels. The possibility that H V 1 contributed to facilitated diffusion of CO 2 across the blood-gas barrier in the lung was considered, but seemed improbable due to the lack of carbonic anhydrase in the alveolar subphase fluid (178) . Consequently, we developed a renewed interest in the studies of Henderson and colleagues that led them to postulate the existence of voltage-gated proton channels in human neutrophils (1) (2) (3) 81) . We decided to test their hypothesis by voltage-clamping human neutrophils. There were small but unequivocal proton currents, whose properties were consistent with those required for sustaining NADPH oxidase activity (82) . The same year, other labs reported proton currents in human cell lines (179, 180) . Indirect evidence that demonstrated functional proton channels in human neutrophils came from Sergio Grinstein (181) , including an exciting report that the activation of a conductive H + efflux was defective in CGD neutrophils (182) . Evidently, either the activation of H + efflux was contingent on the assembly of NADPH oxidase, or the oxidase itself acted as a proton channel. Grinstein immediately ruled out the latter idea by patch-clamping monocytes from CGD patients that lacked functional NADPH oxidase, revealing proton currents of identical size and properties to those in normal neutrophils (183) . Despite the confirmation that proton channels were present in an increasing variety of cells and could be shown to affect pH i recovery (184-189), skepticism remained. Because H V 1 channels turned on at such positive voltages [e.g. at +20 mV at symmetrical pH, pH o = pH i (164) ], skeptics said they would never be activated in intact cells, most of which have negative resting membrane potentials. The BK potassium channel suffered the same aspersions for many years, but by now has been shown to play various roles in human cells. Two papers convincingly debunked this argument for H V 1. Using human neutrophils loaded with voltage-sensing fluorescent dyes, Geiszt et al. (124) and Jankowski and Grinstein (125) demonstrated that during the respiratory burst stimulated by either PMA or the chemotactic peptide fMLF, the membrane potential depolarizes massively, to +50 or +60 mV, and remains there for minutes. This showed that in their best-studied functional role, proton channels would certainly be activated just when they were needed most. The idea is that as NADPH oxidaseinduced depolarization progressed, proton channels would continue to open until they permitted enough H + efflux to perfectly balance the electron efflux, preventing further depolarization. Supporting this idea, divalent cations at concentrations that inhibit H V 1 (1, 88, (126) (127) (128) and genetic removal of H V 1 (129, 130) result in greater depolarization during the respiratory burst. Fig. 10 shows that the model predicts depolarization during the respiratory burst that is greatly exaggerated when H V 1 is inhibited by Zn 2+ and that is simply the largest current reported or depicted in each study. Some authors normalize the currents according to the size of the cell, whose membrane surface area is indicated by the capacity (in pF). Comparisons under different conditions are imprecise because proton currents are exquisitely sensitive to temperature (168, 280) and pH, and measurements were made at different voltages. When multiple pH were studied, the measurement nearest to physiological was selected. All cells are freshly isolated or in primary culture. When a temperature range is reported, the median value is given.
both phenomena are observed in real phagocyte membranes (Fig. 10 inset) . Remarkably, this model further predicts that introducing other ion channels would disrupt the delicate balance between these two molecules (42) . For example, a single open BK channel ('BK' trace in Fig. 10 ) would hyperpolarize the membrane potential toward E K , the Nernst potential for K + , which clearly does not happen; the respiratory burst produces depolarization (1, 88, 124-130, 145-147, 149-151, 190-192) .
Will the real proton channel please stand up?
Despite having made what turned out to be brilliant and completely accurate predictions about the roles of proton channels in compensating charge and pH for an active NADPH oxidase (1-3), Henderson and Chappell noted in 1992 that arachidonic acid (AA) activated both O 2 • À production and the associated H + efflux, speculating that 'the H + channel is a component of the NADPH oxidase complex' (81) . The year 1995 produced a bombshell when Henderson and colleagues reported that the gp91 phox component of NADPH oxidase was in fact the phagocyte proton channel (193) . I immediately invited Lydia Henderson to visit my lab so we could witness this discovery ourselves, and get in on the ground floor of molecular and genetic studies. Six frustrating weeks of recording from control and gp91 phoxtransfected CHO cells produced nothing but a weak study showing that CHO cells have small intrinsic proton currents (194) . We never saw the large proton currents in transfected cells that Lydia had seen in her lab. There are always unlimited tedious explanations for things that do not work in science, so although we had become skeptical, we could not draw strong conclusions. It was not immediately clear how to test the idea further. A second visit by Lydia in September, 2000, produced identical non-results, so we abandoned the gp91 phox transfected cells, and switched to exploring effects of AA on human eosinophils. It was great working with an AA expert who could tell if a newly purchased bottle was off simply by the smell. With her supervision, we detected effects of AA at 1-10 lM concentrations (94) (Fig. 2) , an order of magnitude lower than the 20-100 lM we had reported previously (82) . Presumably, despite all precautions we had taken, most of the AA had been oxidized in our earlier work. We found that the effects of AA on proton currents were reminiscent of those of PMA, but with some distinct differences (94) . How could the 'gp91 phox is a proton channel' idea have been resurrected, after the CGD results of Grinstein and colleagues had so clearly disproved it? This was accomplished by a genuine and significant discovery gone awry. In 1999, B anfi and a distinguished group of scientists in Geneva reported that whereas unstimulated human eosinophils have voltage-gated proton channels like those in other cells, under conditions in which NADPH oxidase was active, a different type of H + channel appeared (88) . It turned on faster, at more negative voltages, and even appeared to be more sensitive to inhibition by Zn
2+
. Because it was seen only when NADPH oxidase was active, they concluded (logically enough) that it was either a part of, or closely related to, the active NADPH oxidase complex.
Improving on perfection: the enhanced gating mode
Meanwhile, we adapted the 'perforated-patch' approach to study phagocytes stimulated to undergo a respiratory burst. After a decade of studying what seemed to be the most inert ion channel in the universe, we were astounded by the results. We had previously tested numerous agents in search of a channel blocker or any agonist that might trigger some kind of physiological response, but found very little. The perforated-patch method preserves intracellular contents (114) (115) (116) , which diffuse out of the cell and into the pipette when studied with the standard whole-cell patch-clamp configuration (113) . The response of phagocyte proton currents to PMA stimulation in perforated-patch configuration was magnificent (91) . Changes occurred with a credible time course, they progressed over several minutes, and their magnitude was spectacular ( Figs 5, 11, and 12 ). Other channels might exhibit a 5-mV shift in response to a physiological stimulus, or a 30% change in kinetics, but the proton channel kinetics -both opening and closing -changed 4-6-fold, opening becoming faster and closing becoming slower; the H + current doubled or tripled in size; and the g H -V relationship shifted a massive À40 mV -so far that inward currents could often be elicited! This constellation of effects was eventually dubbed 'enhanced gating mode' behavior (45) , and has been seen with remarkable consistency in a variety of cells [table 1 in (93)]. It also was unquestionably the same phenomenon that had been reported by B anfi and colleagues. They had proposed that enhanced gating reflected the appearance of a new, separate channel (namely a component of NOX). We argued that there is one type of proton channel, that it is converted into enhanced gating mode by PMA (presumably by phosphorylation), and that there was no need to postulate a second type of proton channel (89-91). There was no evidence of two populations of channels -the kinetics were single exponential, and the g H -V relationship could be fitted by a single Boltzmann distribution that simply shifted negatively as the PMA effects set in. There was no correlation between the amplitude of proton and electron currents, as should exist if they were mediated by the same molecule. These were somewhat indirect arguments, and in retrospect, not surprisingly, they did not convert many skeptics. One of the arguments for two types of H + channels was that the novel channel associated with NAPDH oxidase activity was apparently 20 times more sensitive to inhibition by Zn 2+ (88) . This measurement had been done by using different test pulses to activate the two putative populations of channels, a logical approach because they appeared to be low-and high-threshold channels. However, the mechanism by which Zn 2+ inhibits H + current by is not simple block, in which the current is scaled down proportionally at all voltages, but is mainly the result of shifting the g H -V relationship positively (172), reminiscent of the effects of many divalent cations on other voltage-gated ion channels (195) . We used quantitative modeling to show that this mechanism (Zn 2+ shifting the g H -V relationship positively) will produce precisely what had been observed, namely that currents during a smaller test pulse will appear to be inhibited more strongly, and to the extent reported (89) . Still the field remained unconvinced.
Having twice failed to reproduce the gp91 phox heterologous expression result, we had become quite skeptical, and being further intrigued by the discovery of a putative novel H + channel (88), we approached Mary Dinauer who had developed a leukocyte cell line (PLB-985) in which gp91 phox was stably knocked out and another with it knocked out and then reinserted (196) . This seemed the most direct way to test whether gp91 phox really was a proton channel or not.
The PLB cells had nice, big proton currents, and they responded well to PMA in perforated-patch studies. The PLB KO cells (lacking gp91 phox ) had proton currents identical to those in control PLB cells, demonstrating once again that in resting cells, the presence or absence of gp91 phox is entirely irrelevant (90) . The responses to PMA in perforated-patch studies were convincing to us, but not quite as clear-cut as we had hoped (Fig. 11) . The PMA-stimulated increase in H + current amplitude was identical in cells with or without gp91 phox which shows that gp91 phox is not a proton channel. Normally, one assumes that the size of the current is directly proportional to the number of channels activated. To maintain the 'two channels' idea in the face of this evidence requires believing that somehow the gp91 phoxderived channels displace ordinary H + channels, changing their properties but not the total current amplitude. However, some of the effects of PMA were clearly different in cells that lacked gp91 phox . There was no change in s tail , reinforcing the idea that this effect is coupled to the induction of electron current (89, 91) . In addition, the negative shift of the g H -V relationship was much smaller in PLB KO or CGD cells, less than half as large as in normal PLB cells, neutrophils, or eosinophils. Needless to say, skeptics remained. We next attacked the problem from the opposite direction with another cell line from the Dinauer lab. The COS-7 (monkey kidney) cell line is used widely as a gene expression system. Dinauer's group had stably transfected all of the essential NADPH oxidase subunits to produce COS phox cells, which were capable of ROS production, proving that all the key NADPH oxidase components, including gp91 phox ,
were present and functional (197) . These cells had no detectable proton currents in whole-cell or perforated-patch configurations (198) . We felt that this was now incontrovertible evidence that the gp91 phox protein was not a proton channel. In describing in detail the absence of timedependent outward currents that could possibly have been ascribed to H V 1, we mentioned with na€ ıve honesty that sometimes when cells become leaky (i.e. they die), a timedependent outward current abruptly appeared. To our embarrassment, one recalcitrant reviewer forced us to include an example of this phenomenon -the appearance of big, ugly currents at the moment the cell membrane ruptures -we were forced to publish a figure showing what cell death looks like electrophysiologically! Despite this further evidence that gp91 phox was not a proton channel, the field went in the other direction -soon all of the NOX isoforms would be proclaimed to contain proton channels. Given that these incorrect studies have already been cited over 1000 times (Google Scholar), I will not list them here. The Journal of General Physiology invited four interested parties to write 'Perspectives on the Identity of the Proton Channel Involved in the Respiratory Burst' (199) (200) (201) (202) . The debate refused to die!
Clues from the enhanced gating response
One reason for the stubborn persistence of the idea that gp91 phox was a proton channel resulted from some still poorly understood aspects of the physiological interaction between these two molecules. A very peculiar and consistent finding in stimulated phagocytes was that electron current and the slowing of tail current decay (larger s tail ) always occurred together (89, 91) . As we watched superimposed test currents from pulses applied every 30 s, at first there would be just a hint of slowing of the tail current. The inward tail current would return to baseline more slowly, and would not quite return all the way. This marked the onset of electron current. As mentioned above, the slow turn-on and small amplitude of electron current made it difficult to be sure of. However, when electron current appeared right on cue with the slowing of tail currents, there was no mistaking it. Another phenomenon that was (and still is) hard to explain was that enhanced gating is less pronounced in cells lacking functional NADPH oxidase, such as CGD neutrophils (90) , basophils (203) , K562 cells (204) , or B lymphocytes which do have NADPH oxidase but at very low levels (136) . There is a distinct constellation of intermediate enhanced gating effects in these cells: the increased H + current amplitude and faster channel opening both occur normally, but s tail is scarcely slowed, and the shift of the g H -V relationship is just half that of the fullblown enhanced gating response (93) . These phenomena have not been explained, but strongly suggest that NADPH oxidase activity affects proton currents. One proposal is that NADPH oxidase activity produces enough protons near the membrane to alter the local pH sensed by H V 1 (45, 91, 93) . Calculations assuming random localization of H V 1 and NADPH oxidase (45) indicate they would be too far apart in phagocyte membranes to sense much of the H + released locally by NADPH (Fig. 1) , although rapid proton translocation in the plane of the membrane (205) (206) (207) (208) could invalidate this conclusion. On the other hand, global pH i is clearly reduced during the respiratory burst (3, 44, 45, 89, 91, 94, 181) . The final bit of evidence that at long last convinced everyone materialized only after the HVCN1 gene coding for H V 1 was identified and knockout (Hvcn1 KO ) mice were produced. Perforated-patch recording showed that neutrophils from phox is not a proton channel: convincing, but quirky. Test pulses to +60 mV in a PLB cell with gp91 phox (A) and one without (B), after addition of phorbol myristate acetate (PMA). The H + current amplitude increases to the same extent in both, showing that this response does not require gp91 phox . Mysteriously, however, the slowing of s tail (the current decay upon repolarization after the pulse) evident in PLB 91 normal mice had proton currents (Fig. 12C) , and Hvcn1 KO mice did not (Fig. 12A) , but the neutrophils from both Hvcn1 KO and normal mice (Fig. 12B, D) had identical electron currents (44, 130) . The electron current proved that all required components of NADPH oxidase (including gp91 phox ) were present and functioning, and that they did so with or without proton channels. At last we could all agree that there is one gene for H V 1 and that the protein it codes for is not part of the NADPH oxidase complex.
Not another controversy!
By 2004, it was clear to almost everyone that NADPH oxidase and proton channels had a special relationship in phagocytes. NADPH oxidase produces massive quantities of ROS, causing depolarization and lowering pH i as direct consequences of its activity. Both depolarization and low pH i inhibit NOX2 activity (120, 139) , and left to its own devices, the enzyme would rapidly terminate its own activity. However, both depolarization and low pH i activate proton channels, and H V 1 activity counteracts both depolarization and low pH i . This yin-yang synergy could hardly be improved upon. However, the Segal laboratory at University College London threw a spanner into the works. In a paper published in Nature, the Segal group reported several unexpected and novel observations that prompted them to conclude that the predominant currents in human neutrophils and eosinophils were BK potassium currents and not proton currents. They reported that the BK channel inhibitors iberiotoxin and paxilline abolished all outward current in these cells and that the H V 1 inhibitor Zn 2+ had no effect. They further suggested that previous evidence based on Zn 2+ effects, indicating that proton channels were essential to sustain the respiratory burst, were instead artefactual.
In support of an important role for BK channels in neutrophil function, they reported that iberiotoxin inhibited the capacity of human neutrophils to kill ingested Staphylococcus aureus or Candida albicans. Collectively, these new data provided the basis for a radical shift in understanding the mechanism underpinning neutrophil antimicrobial action. Whereas decades of experimental and clinical evidence had demonstrated that ROS served as an essential factor in killing of most microbes by neutrophils, the BK channel hypothesis relegated oxidants to incidental byproducts of the NADPH oxidase, and MPO to an enzyme that simply consumed H 2 O 2 rather than serving as a source of the potent microbicide HOCl (209, 210) . Thus, it appeared that the long-accepted paradigm for neutrophil antimicrobial action had shifted. However, the experimental observations that provided the foundation for the new model proved difficult to replicate (131, 211) . The electrophysiological data were completely at odds with a dozen existing studies of human neutrophils or eosinophils (212) . The reported BK amplitude was a nanoampere, which meant roughly a hundred BK channels must be open. Despite having recorded from neutrophils and eosinophils from more than 50 individuals, often under conditions favorable to detecting BK channels, we had never seen a single BK channel. A further complication was that the putative K + conductance would prevent the depolarization that occurs during the respiratory burst (212) . As shown in Fig. 10 , even one open BK channel would produce hyperpolarization during the respiratory burst (42), which is contradicted by numerous studies reporting depolarization (1, 88, 124-130, 145-147, 149-151, 190-192) . Seven labs worldwide independently attempted and failed to find evidence that BK channel inhibitors abolished the ability of human neutrophils to kill bacteria (213) . In fact, other labs carefully examined each conclusion from the BK channel report and were unable to substantiate any, raising serious concerns about the validity of the original report (131, 211, 214) . A somewhat belated investigation by University College London identified evidence of scientific misconduct and assigned it to the first author. The report concluded that he had manipulated experimental conditions to obtain false data to fit the hypothesis. Six years after its publication, the paper was retracted. Even so, despite the red 'RETRACTED' plastered across each page, the paper has been cited at least 48 times since its retraction.
The story of the birth and death of the BK channel hypothesis differs fundamentally from the controversy over whether gp91
phox was a proton channel because the latter was a legitimate scientific question. In contrast, from the moment of its publication, the BK data presented contradictions that made the story impossible. This episode underscores both the necessity and difficulty of refuting published studies that are incorrect or irreproducible, particularly when reported in high profile journals (215) .
What the discovery of the HVCN1 gene meant
The discovery of the proton channel gene in 2006 (173, 175) was a breakthrough on many levels. It provided the possibility of a knockout mouse to test the respiratory burst paradigm and other proposed functions of H V 1. Before the advent of the Hvcn1 KO mouse, we were obliged to do pharmacological lesion experiments using the most potent H V 1 inhibitor, which was Zn
2+
. Although this divalent cation does inhibit proton currents potently (172, 216) , it also binds to most proteins and thus has a vast array of possible unintended effects. Convincing demonstration of the functional importance of H V 1 is difficult when the most potent inhibitor is as promiscuous as Zn 2+ . With the HVCN1 gene (coding for H V 1) identified, Hvcn1 KO mice have been produced, largely confirming conclusions reached in earlier studies using Zn
. In Hvcn1 KO mice, regulation of pH both in cytoplasm (44, 130) and phagosomes is altered (132) , neutrophil granule release is altered (217) , an autoimmunelike phenotype is observed (137) , and B-cell signaling is disturbed (136) . Reflecting the facilitation of ROS production by H V 1 (Fig. 1) in microglia (177) , the presence of H V 1 (compared to Hvcn1 KO ) can exacerbate brain damage in an ischemic stroke model (138) and enhance model chronic demyelination (218) . Intriguingly, knockout of H V 1 makes eosinophils more susceptible to cell death when NADPH oxidase is activated (129) . In all cells studied to date, including mouse neutrophils (130, 134, 135) , eosinophils (129) , macrophages (219), B lymphocytes (136), T lymphocytes (137) , and microglia (138), genetic ablation of H V 1 reduces, but does not eliminate ROS production. That ROS production is not eliminated entirely might reflect the ability of other conductances to compensate charge when the preferred ion (H + ) is not available (198) . It has been pointed out that the incomplete suppression of ROS production makes H V 1 an excellent drug target because its inhibition could abrogate functions such as signaling in a variety of cells, while sparing the innate immune response, which could lead to susceptibility to infections (220) .
Patients with variant forms of CGD that retain some residual NADPH oxidase activity tend to have milder symptoms (26) and female carriers of X-linked CGD patients with only 5-10% normal neutrophils may be asymptomatic (18, 221) . Knowing the HVCN1 gene makes proteomic screening possible. Such screens have provided evidence correlating H V 1 expression and B-cell malignancies (136, (222) (223) (224) , cystic fibrosis (225) , and Crohn's (inflammatory bowel) disease (226) in humans, hyperoxia-induced lung injury in mice (227) , and vitiligo in chickens (228) .
Identification of the HVCN1 gene has further transformed research by enabling site-directed mutation and other structure-function studies. These possibilities were exploited immediately by several labs experienced in mutation studies of other ion channels whose genes had been identified decades earlier. Progress on H V 1 was quite rapid, and will be summarized only briefly here because of its limited relevance to our main topic. In rapid succession, it was discovered that H V 1 is a dimer both in heterologous expression systems (229) (230) (231) (232) and in situ in phagocytes (133) , although each protomer has a separate conduction pathway (229, 231) , and the monomer functions almost normally but with faster opening kinetics (229, 231, 233, 234) ; the dimer was found to open cooperatively (235-237); a knockout mouse was produced and found to appear grossly normal but with distinct deficiencies (44, (134) (135) (136) (137) (138) 217 ); a 'signature sequence' of amino acids was identified as RxWRxxR in the S4 helix that has enabled the discovery of several new H V 1 (153); the phosphorylation site responsible for enhanced gating was identified as Thr 29 on the intracellular N terminus (96, 224) ; and the selectivity mechanism was elucidated in which Asp-Arg interaction is crucial (153, (238) (239) (240) (241) . A crystal structure of the closed mouse H V 1 has been reported (174) , but the open state structure relies on homology models (239, (242) (243) (244) (245) (246) and EPR measurements (247, 248) . Finally, knowing the gene enables the identification of H V 1 in diverse species. H V 1 genes that have been confirmed by voltage-clamp studies in heterologous expression systems include: human (173), mouse, and sea squirt Ciona intestinalis (175), dinoflagellates Karlodinium veneficum (153) and Lingulodinium polyedrum (154), coccolithophores Emiliania huxleyi and Coccolithus pelagicus (249), diatom Phaeodactylum tricornutum (250), insect Nicoletia phytophila (241) , and sea urchin Strongylocentrotus purpuratus (251).
Future directions
The symbiotic relationship between NADPH oxidase (NOX2) and voltage-gated proton channels (H V 1) in phagocytes has proven to be robust. Somewhat surprisingly, H V 1 seems to play a similar role in other cells and with other NOXes (204) , despite the level of ROS production typically being orders of magnitude lower (4, 252) . Much work needs to be done to establish whether the H V 1/NOX paradigm operates wherever a NOX isoform exists, or if charge and pH are compensated in different ways in different systems. Presumably all NOXes function by electron transfer analogous to that in NOX2, but their voltage dependence and other properties remain to be determined. The relationships among the multiple transporters that alter pH (e.g. (4, 15, 253) and H V 1 (254) is underway, but far from completion. The diversity of species, phyla, and even kingdoms in which H V 1 are found as well as the diverse sequences of these proteins provide a vast arena for exploring structure-function relationships at the protein level as well as biological functions at the organism level.
